Abstract Cardiomyocytes differentiated in vitro from pluripotent embryonic stem (ES) cells of line D3 via embryo-like aggregates (embryoid bodies) were characterized by the whole-cell patch-clamp technique during the entire differentiation period. Spontaneously contracting cardiomyocytes were enzymatically isolated by collagenase from embryoid body outgrowths of early, intermediate, and terminal differentiation stages. The early differentiated cardiomyocytes exhibited an outwardly rectifying, transient K' current sensitive to 4-aminopyridine and an inward Ca2' current but no Na+ current.
The Ca2+ current showed all features of L-type Ca2+ current, being highly sensitive to 1,4-dihydropyridines but not to w-conotoxin. Cardiomyocytes of intermediate stage were characterized by the additional expression of cardiac-specific Na+ current, the delayed K' current, and If current. Terminally differentiated cardiomyocytes expressed a Ca2+ channel density about three times higher than that of early stage. In addition, two types of inwardly rectifying K' currents (IK1 and IK,ACh) and the ATP-modulated K' current were found. During cardiomyocyte differentiation, several distinct cell populations could be distinguished by their sets of ionic channels and typical action potentials presumably representing cardiac tissues with properties of sinus node, atrium, and ventricle. Reverse transcription polymerase chain reaction revealed the transcription of a-and fl-cardiac myosin heavy chain (MHC) genes synchronously with the first spontaneous contractions. Transcription of embryonic skeletal MHC gene at intermediate and terminal differentiation stages correlated with the expression of Na+ channels. The selective expression of a-cardiac MHC gene in ES cell-derived cardiomyocytes was demonstrated after ES cell transfection of the LacZ construct driven by the a-cardiac MHC promotor region followed by ES cell differentiation and f3-galactosidase staining. In conclusion, our data demonstrate that ES cell-derived cardiomyocytes represent a unique model to investigate the early cardiac development and permit pharmacological/toxicological studies in vitro. (Circ Res. 1994; 75:233-244.) Key Words * mouse embryonic stem cells * ionic currents * differentiation * cardiomyocytes * patch-clamp D espite considerable progress in electrophysiological investigations of the adult heart (for review see Reference 1) and of the embryonic chick heart,2 expression and regulation of ionic currents in the developing heart are not completely understood. Generation of spontaneous and rhythmical action potentials begins shortly after the tubular heart formation. At this early stage, the contractions are accompanied by Ca2'-dependent and tetrodotoxin (TTX)-insensitive pacemaker action potentials.3 During further development, these pacemaker action potentials specialize into action potentials inherent to ventricle, atrium, and sinus node. Only a few studies on the development of ionic currents underlying the changes of action potentials were carried out in embryonic chick heart.4-8 The data on electrophysiological changes in cardiomyocytes in mammals were acquired only during the postnatal period of development9 '3 or shortly before birth.14 '15 Studies of ionic channel expression during the early period of development of mammalian embryos are rents as well as the background current by the whole-cell patch-clamp method. 20 The developmentally controlled expression of ionic currents correlated with the previously described patterns of action potentials. 19 
Materials and Methods

Cell Cultures and Differentiation Procedure
The ES cell line D321 was used in this study. Cells were cultivated and differentiated into spontaneously beating cardiomyocytes as previously described.18"19 The principle of differentiation is schematically illustrated in Fig 1: (1) the cultivation of a definite number of cells (400) in "hanging drops" as embryoid bodies for 2 days, (2) cultivation in bacteriological dishes for 5 days, and (3) plating of "7d" embryoid bodies into 24-well microwell plates. About 10% of "7d" embryoid bodies already contained first contracting cardiomyocytes. In embryoid body outgrowths (from "7+1 d" to "7+7d"), cardiomyocytes appeared by spontaneously contracting cell clusters. The clusters increased in size during further differentiation. Single cardiomyocytes were prepared from the clusters by collagenase (see below 
Pipettes and Solutions
The solutions used throughout the study are listed in the Detection of a-Cardiac, P3-Cardiac, and Embryonic
Skeletal MHC Transcripts by RT-PCR Analysis
Embryoid bodies differentiated in the same manner as for patch-clamp experiments were collected at different time points during in vitro differentiation for the preparation of mRNA as described.19 For comparison, the heart of a 16-day p.c. NMRI mouse fetus was isolated for the extraction of fetal heart mRNA by the same method. The reverse transcription and amplification reactions were carried out with rTth-Polymerase (Perkin Elmer) according to the protocol supplied by the manufacturer. Oligonucleotide primers for a-cardiac, P-cardiac, and embryonic skeletal MHC were selected according to Robbins et al.26 Preparation of the pc-Cardiac MHC-LacZ Vector, Transfection, and Staining for j3-Galactosidase Activity
The region -612 to -56 relative to the transcriptional start site of the a-cardiac MHC gene27 was cloned by PCR from rat genomic DNA by use of suitable 5' and 3' primers containing HindIll and Xba I sites, respectively. This fragment was inserted into the pBLCAT2 vector28 cut with HindIII/Xba I harboring the thymidine kinase basal promoter of herpes simplex virus (position -112 to +51), which controls the expression of the CAT gene. Changes in Cm During the ES Cell-Derived Cardiomyocyte Development
The possible development of a transverse-tubular system in ES cell-derived cardiomyocytes was indirectly estimated by determining the specific Cm.223 Throughout the whole differentiation period, we detected a steady increase of Cm, which was paralleled by an increase of the cellular surface. Cm values of early and terminally differentiated cardiomyocytes amounted to 24.5±3.2 pF (n=22) and 50.0±3.5 pF (n=67), respectively. With corresponding cellular surfaces of 2850± 580 11m2 (n=22) and 5850±680 ,sm2 (n=67), the specific Cm was calculated to be 0.86 and 0.85 ,uF/cm2 (n=67), indicating that the transverse-tubular system apparently (Fig 4a; see Reference 35) and was blocked by TTX with an IC50 of 1.8 ,umol/L (Fig 4b) Graphs showing electrophysiological characterization of Nal current in embryonic stem cell-derived cardiomyocytes. a, Superimposed current traces were recorded in a solution containing 140 mmol/L [Na+]0 and in "low-Na+" medium (see Table) . A selective expression occurred in the case of IKi that was observed predominantly in cells with stable resting potential, ie, in atrial-and ventricular-like cardiomyocytes. This current was evoked by hyperpolarizing voltage pulses and revealed a time dependence that was more prominent at more negative potentials (Fig 6a and 6b; see also References 5, 15, and 43). IK1 was highly sensitive to external Ba2+, with 2 mmol/L Ba2+ almost completely blocking the current (not shown).
Furthermore, in cardiomyocytes of the terminal differentiation stage, we detected the appearance of another type of K' current that progressively increased during prolonged (40 to 60 minutes) recordings of membrane currents in the whole-cell configuration. As demonstrated in Fig 6c, the current was seen during voltage-clamp pulses from -50 to 0 mV as a shift of the current to the positive direction. The K+ selectivity of the current was confirmed by measurement of its reversal potential of -85±4 mV (n=7), which was close to the calculated EK (-87 mV, not shown). The assumption that this current was due to openings of ATPdependent K+ channels was corroborated by the finding that its development was much faster in onset (5 to 10 minutes) when the patch pipette solution was depleted of ATP (Fig 6c) . These results thus suggest the expression of ATP-dependent K' current in ES cell-derived cardiomyocytes. The shape of the hyperpolarization-activated If and its steady-state activation curve (Fig 7a and 7b) (Fig 7c and 7d) was found at about -27 mV (n=10). (Fig 7e and 7f) . In addition, forskolin modified If similarly to adrenaline, suggesting a cAMP-dependent regulation of the current (not shown).
The adrenaline-stimulated Cl-current presumably involved in the hormonal regulation of adult cardiomyocytes47 was not found throughout the whole differentiation period of ES cell-derived cardiomyocytes (n= 14, data not shown). We also tested the presence of background currents under blockage of K', Ca2+, and Na+ currents (solutions: 12 ther differentiation period. Similarly, ICa and I,. were present at all differentiation stages. As determined from 180 cardiomyocytes, the 'Ca density steadily increased during cardiomyocyte differentiation (Fig 9) . The Expression of a-Cardiac MHC To demonstrate the selective expression of a-cardiac MHC gene in cardiomyocytes within the embryoid body outgrowths, we transiently transfected D3 cells with a specific LacZ construct and visualized the expression of a-cardiac MHC by using the f-galactosidase staining of the embryoid bodies. Blue-green stained areas coincided with areas of beating cells as identified before fixation of embryoid bodies. During development, the size of these areas increased (Fig 10) .
Discussion
In the present study, we demonstrate that all basic cardiac-specific ionic currents, L-type ICa' INa, I'o, IK, IKI 'K Ach, IKATP, and If, are expressed in cardiomyocytes developed in vitro from pluripotent ES cells of line D3. All major biophysical and pharmacological properties of ionic currents were identical to those previously described for adult cardiomyocytes' or neonatal mammalian heart cells. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Hence, this new cellular model provides an ideal possibility to study the impact of ionic channel expression on the generation of action potentials and their receptor-dependent modulation in the course of embryological development.
Two prominent current components were present throughout the whole differentiation period, the L-type Ca2' current and the transient outward K' current.
Only two currents were present in early differentiated cardiomyocytes. Together It is interesting to compare the current densities determined in the ES cell-derived cardiomyocytes with the values previously reported for adult cardiac preparations. We found a developmentally controlled threefold increase of the L-type Ca2 current density up to 30 pA/pF. This value is slightly higher than the reported current density of guinea pig and rat ventricular myocytes (guinea pig, 26.5 pA/pF; rat, 17 to 25 pA/pF) but lower than that of bovine ventricle (34 to 42 pA/pF).34
In contrast to mammalian heart,9 in chick embryonic cardiomyocytes, a reduced or constant Ca' channel density has been reported,78 suggesting differences in the development between mammals and birds. The current density of INa in ES cell-derived cardiomyocytes increased during development, reaching values reported for neonatal rat ventricular myocytes (about 200 pA/ pF14). The current density of transient outward K' channels also increased significantly during cardiomyocyte differentiation, which has also been reported for rat ventricular myocytes.11 In contrast, inwardly rectifying K' current expressed in terminally differentiated ES cell-derived cardiomyocytes (about 5 pA/pF) was similar to that of mammalian embryonic ventricular cells (10 
